Gain-coupled distributed-feedback (GC-DFB) effects in a V-groove In 0.2 Ga 0.8 As/Al 0.2 Ga 0.8 As quantum-wire (QWR) array are investigated by comparison with those in a GaAs/Al 0.2 Ga 0.8 As QWR array. Temperature-dependent photoluminescence (PL) spectra are measured for both samples, showing that the PL spectra from the QWRs are much stronger than those from the quantum wells (QWs) in the entire temperature region. Then, InGaAs/AlGaAs QWR GC-DFB lasers are fabricated by one-step metallorganic chemical vapour deposition (MOCVD) growth and characterized. As a result, strong nonlinearity in the emission spectra by optical feedback along the DFB directions is clearly observed near the threshold current, indicating that a V-groove InGaAs QWR array is a good candidate for a gain-coupled DFB laser.
Introduction
The V-groove QWR is one of the prospective nanostructures with one-dimensional (1D) band edge singularity [1, 2] . It is well known to have the advantages of easy fabrication and good controllability of the shape and the size of the QWR [3] . However, a parasitic quantum well (PQW), simultaneously grown on both sides of the QWR, has kept us back from fully utilizing the 1D feature of the QWR. This is one of the chief reasons that most of the Fabry-Perot (FP) QWR lasers have seldom outperformed the conventional QW lasers. The small optical confinement factor of the order of 10 −3 and weak transverse electric (TE) polarization due to light propagation parallel to the wire axis are additional weaknesses of the FP QWR laser.
One of the intelligent ways to avoid the PQW problem in the V-groove QWR laser is using optical feedback in directions perpendicular to the QWR. The perfectly periodic gain structure of the V-groove QWR array is expected to provide gain-coupled distributed feedback (GC-DFB) in this 6 Author to whom any correspondence should be addressed. direction. By adjusting the DFB periodicity to QWR gain, advantages of using QWRs can be fully taken without concern about the PQW [4] . The GC-DFB laser has many advantages, such as a higher yield of single-mode selectivity, lower chirping single-mode operation and higher immunity to facet reflection as compared to the conventional index-coupled (IC) DFB lasers. Therefore it is worth doing research on the feasibility of the GC-DFB lasers using a V-groove QWR array. The GaAs/AlGaAs QWR GC-DFB lasers fabricated by constant metallorganic chemical vapour deposition (MOCVD) growth have been reported [5, 6] . However, with GaAs/AlGaAs materials, threshold gain anisotropy in the emission spectra, evidence for the GC-DFB effect, was not observed, although it lased at very low threshold currents.
In this work, we investigate GC-DFB effects in a V-groove InGaAs/AlGaAs QWR array by comparing those in a V-groove GaAs/AlGaAs QWR array. For this purpose, the evolution of photoluminescence (PL) spectra from both the QWRs and sidewall PQWs is investigated for each of the InGaAs/AlGaAs and the GaAs/AlGaAs QWRs at different temperatures. Then, a GC-DFB laser structure with an InGaAs/GaAs QWR array as an active grating is fabricated by one-step MOCVD growth [7] . As a result of current-induced optical characterization, gain anisotropy in the emission spectrum, firm evidence for the GC-DFB effect, is observed for the DFB direction near the Bragg wavelength, unlike for the QWR direction. This confirms that the V-groove InGaAs/AlGaAs QWR array structure is one of the best structures for single-frequency GC-DFB lasers.
Experiment
First of all, two types of QWRs-an In 0.2 Ga 0.8 As/Al 0.2 Ga 0.8 As QWR and a GaAs/Al 0.2 Ga 0.8 As QWR-were fabricated without consideration of laser structure using one-step MOCVD growth on GaAs substrates with submicron gratings, and their optical properties were investigated by using PL in a comparative manner. The gratings were fabricated with a period of 430 nm along the [011] direction and with a depth of 200 nm on (100) n + -GaAs substrates by means of holographic lithography and chemical wet etching. Epitaxial growth was carried out in a horizontal quartz reactor utilizing a face-down configuration by means of a low-pressure MOCVD technique at 76 Torr. Triethylgallium, trimethylaluminium, trimethylindium, and AsH 3 were used as source reagents and the V/III ratio was 200. The indium content was measured by energy dispersive spectroscopy. The cross-sections of the samples were observed by high resolution scanning electron microscopy (SEM) and transmission electron microscopy (TEM). The PL spectra were measured over the temperature range of 11-300 K using the λ = 514.5 nm line of a cwAr + laser as an excitation light. The Ar + laser was focused on the sample surface to a spot diameter of about 100 µm. The intensity of the laser beam was changed from 0.2 to 200 W cm −2 .
Results and discussion
The cross-sectional SEM images of the In 0.2 Ga 0.8 As/Al 0.2 Ga 0.8 As QWR array and GaAs/Al 0.2 Ga 0.8 As QWR array are shown in figure 1 , on which crescent-shaped QWRs are well formed. Not clearly shown in the SEM images, much stronger confinement is expected for the In 0.2 Ga 0.8 As/Al 0.2 Ga 0.8 As QWR due to its larger band offset and larger diffusion coefficient of indium, leading to thicker QWRs and thinner PQWs [8, 9] . Such expectation is verified by temperature-dependent PL measurements for both samples as shown in figure 2 . As compared to the PL spectra observed from the GaAs/AlGaAs QWRs (see figure 2(b) ), PL spectra from the InGaAs/AlGaAs QWRs (see figure 2(a) ) are much better resolved and better separated from the PQWs in the entire wavelength region. In particular, PL peaks from the InGaAs QWRs are clearly observed at 915 nm at room temperature (RT), while no peaks are observed from the parasitic InGaAs QWs in figure 2(a) , indicating there is a sufficient gain modification between the InGaAs QWRs and PQWs. It is also noteworthy that strong and Nonlinear emission from a QWR array well separated luminescence was obtained from the InGaAs QWRs without removal of the PQW region. Based on the PL investigation, InGaAs/AlGaAs QWR GC-DFB lasers were fabricated and characterized. The lasers consisted of a 0.1 µm thick n-GaAs buffer layer, a 0.9 µm thick n-Al 0.38 Ga 0.62 As lower cladding layer, a 0.1 µm thick undoped Al 0.2 Ga 0.8 As guiding layer, three 5 nm thick In 0.2 Ga 0.8 As QWs separated by two undoped 10 nm thick Al 0.2 Ga 0.8 As barrier layers, a 0.1 µm thick undoped Al 0.2 Ga 0.8 As guiding layer, a 1 µm thick p-Al 0.5 Ga 0.5 As upper cladding layer, and a 0.2 µm thick GaAs p + -contact layer from the bottom as described in figure 3 .
The PL spectra for the InGaAs/AlGaAs QWR laser were also observed to determine the periodicity of the DFB structure as shown in figure 4 . Due to the thicker AlGaAs upper cladding layer rather than that of the InGaAs QWR sample of figure 2(a) , it seems that a resolution for PL peaks is not so good; however, PL peaks from the InGaAs QWRs still look robust over the entire temperature range and even at RT. Figure 5 shows the emission spectra at 20 mA taken from the InGaAs QWR GC-DFB laser with a 500 µm long cavity. Evolution of the emission spectra was investigated with increasing injection current near the threshold current in order to capture the moment of changes in the gain profile. Then, we observed an asymmetric emission profile with a crest at a wavelength of 924 nm and a valley at a wavelength of 920 nm for the DFB direction at a current of 20 mA. The anisotropic effect is not so large at this moment; however, it may be able to come from future experiments. The spectral evolution at the longer wavelength side is likely to be due to our laser structure, in which the periodicity of the gain grating is in phase with that of the index grating. Note that GC-DFB lasers with inphase condition between the gain and refractive index have the emission evolution at longer wavelengths while vice versa in DFB lasers with anti-phase condition. On the other hand, only broad symmetric emission spectra with a centre wavelength at 910 nm, identical to the PL peak obtained in figure 4 , were observed along the QWR direction. The emission wavelength of the InGaAs QWR GC-DFB laser was always observed on the long wavelength shoulder (920-930 nm) from the QWR gain region despite lack of optical gain, which is thought to be due to the DFB periodicity adjusted to V-groove QWR gain to help the lasing to occur from the QWRs.
Conclusion
The feasibility of GC-DFB effects in a V-groove QWR array was investigated with In 0.2 Ga 0.8 As/Al 0.2 Ga 0.8 As QWR lasers and GaAs/Al 0.2 Ga 0.8 As QWR lasers by comparison. Nonlinearity in the emission spectra, evidence for the GC-DFB effect, was observed from the InGaAs/AlGaAs QWR array at RT as has been expected from the mode theory. Reduced interface densities by one-step MOCVD growth and sufficient gain modifications between the In 0.2 Ga 0.8 As/Al 0.2 Ga 0.8 As QWRs and PQWs are considered to be responsible for RT observation of the GC-DFB effects. Vertically stacked multiple QWR array structure is likely to be more helpful for increasing the gain modification.
